Abstract. This study determined the responses of potato (Solanum tuberosum L., cv. Norland) plants to various patterns of air temperature changes over different growth periods (phasic temperature changes). In each of two experiments under controlled environments, eight treatments of temperature changes were carried out in two growth rooms maintained at 17 and 22C and a constant vapor pressure deficit of 0.60 kPa and 14-hour photoperiod. Plants were grown for 63 days after transplanting of tissue culture plantlets in 20-liter pots containing peat-vermiculite mix. Temperature changes were imposed on days 21 and 42, which were essentially at the beginning of tuber initiation and tuber enlargement, respectively, for this cultivar. Plants were moved between two temperature rooms to obtain eight temperature change patterns: 17-17-17, 17-17-22, 17-22-17, 22-17-17, 17-22-22, 22-17-22, 22-22 
year, seasonal temperature changes have different patterns with each crop. It is suggested that tuber yields may be higher under decreasing temperatures than under increasing temperatures (Werner, 1942) . This has been supported by the results from a controlled environment study growing 'Kennebec' potatoes under different temperature conditions with a 12-h photoperiod (McCown and Kass, 1977) . However, to establish the effects of phasic temperature changes on plant growth and tuber development of potatoes, additional experiments are needed.
This study was undertaken to investigate dry-matter partitioning and tuberization in potato plants grown under various patterns of air temperature changes over successive growth periods in controlled environments. The information from this study will be useful for optimizing the temperature conditions for maximum tuber production in controlled growing facilities. The results may also have implications for analyzing potato growth in field environments with different seasonal temperature patterns.
Materials and Methods
Cultural procedures. Two separate experiments were conducted in growth rooms at the Biotron, University of Wisconsin, Madison, with a commercial potato cultivar, Norland. 'Norland' is an early-maturing cultivar, and has been used extensively in our previous environmental studies with potatoes (Wheeler et al., 1986; Tibbitts et al., 1992) . This cultivar is maintained with micropropagated stem cuttings grown in sterile agar culture (Hussey and Stacey, 1981; Wheeler et al., 1986) .
For both experiments, uniform, single 21-day-old plantlets were transplanted into the centers of 20-liter plastic containers containing 1 commercial peat : 1 vermiculite mix (by volume). The transplants were covered with glass beakers for the first 3 days to minimize transplant shock. Fourteen days after transplanting, the culture containers were filled with an additional 3-cm layer of peat : vermiculite medium so that lower nodes of stems were buried. Plants were watered four times daily with a complete nutrient Temperature is a major factor regulating biomass accumulation and tuber development in potatoes (Bodlaender, 1963; Gregory, 1965; Wheeler et al., 1986; Wolf et al., 1990) . When air temperatures were maintained between 12 and 28C under a 12-h photoperiod in a controlled environment, total plant biomass and tuber production in 'Norland' potatoes were greatest at 20C (Wheeler et al., 1986) . Both plant growth and tuber yield were slightly depressed at air temperature of 16C and further depressed at the temperature of 12C. At air temperatures of 24 and 28C, shoot growth was vigorous, but tuberization was inhibited (Wheeler et al., 1986) . The inhibitory effect of high temperatures on tuber development has been reported for many potato cultivars and species (Ewing, 1981; Ewing and Struik, 1992; Tibbitts et al., 1992) .
Because temperature significantly affects partitioning of photosynthate between shoots and tubers, the optimum temperature for shoot growth differs from that for tuber growth (Gregory, 1965; Wheeler et al., 1986; Wolf et al., 1990) . In general, air temperatures >20C favor shoot growth and temperatures <20C favor tuber growth (Benoit et al., 1983; Ewing, 1981; Gregory, 1965; Moorby and Milthorpe, 1975) . Thus, altering temperatures during potato growth might optimize shoot development at an early stage and tuber development at a later stage.
In different commercial production areas, potato plants growing in the field are subject to different patterns of seasonal temperature changes. In northern (i.e., higher) latitudes, temperatures increase during early growth and decrease during later stages. In southern (lower) latitudes where two potato crops are grown each ture and RH were monitored continuously by computer. For the growth rooms at 17C, actual air temperature during the two experiments averaged 17.1 ± 0.2C, RH 68 ± 2%, and PPF 425 ± 29 µmol·m -2 ·s -1
. For the other growth rooms at 22C, the levels were 21.9 ± 0.3C, 76 ± 2%, and 426 ± 28 µmol·m -2 ·s -1 , respectively. Carbon dioxide levels were ambient at about 350 µl·liter -1 , but were not continuously monitored in this study.
Harvest and data analysis. Plants were harvested 63 days after transplanting and separated into shoots, tubers, stolons, and roots. Tubers were separated into three size categories: <2.5 cm, 2.5-5.0 cm, and >5.0 cm in diameter, and the number of tubers in each category was determined. A tuber was counted when it was larger than twice the diameter of the stolon. All plant materials were dried at 70C for 3 days and dry weights were obtained for the different plant parts.
An analysis of variance (ANOVA) was conducted for each of the measurements with eight temperature change treatments in two duplicated experiment runs (blocks). Each value used in the ANOVA was an average from the three plants for each treatment in each experiment run. Duncan's multiple range test was used to separate treatment means at P = 0.05.
Total growing degree days accumulated over the 63-day experiment period were calculated for the different temperature change treatments using a base temperature of 6C (Bodlaender, 1963; Moorby and Milthorpe, 1975) . Correlation analyses were made between the growing degree days and the separate dry weights of tubers and shoots.
Results
Plant dry weight and partitioning. Total plant growth was significantly different for the eight patterns of temperature changes over three growth periods. The total dry weight per plant was highest with the 22-22-17C and then 22-17-17C treatments (Table  2 ). All treatments with 22C during the first period had higher total plant dry weights than those beginning with 17C. Thus, relatively high temperatures during the early vegetative period promoted growth of whole potato plants.
The dry weights of shoots and tubers responded to temperature change treatments differently. Shoot dry weight increased with the increasing amount of time at 22C compared to constant 17C (Table  2) . Comparing the treatments with the 22C during one of the three solution (Hammer et al., 1978; Wheeler et al., 1986) . The duration of each watering was adjusted weekly so that ≈50% of the supplied solution drained through the container after each watering. Experiment design. In each of two experiments, eight combinations of 17 and 22C air temperatures were maintained during three successive growth periods (Table 1 ). These two temperatures were selected for their differential promotion of tuber growth (17C) and shoot growth (22C). Constant temperatures were maintained to simplify the experimental conditions. Previously, it was found that 'Norland' potatoes did not significantly benefit from diurnal temperature fluctuations (Bennett et al., 1991) . The 63-day duration of this study from transplanting to harvest was divided into three 21-day periods: day 1 to 21, day 22 to 42, and day 43 to 63. Our personal observations have indicated that under temperatures of 18 to 20C 'Norland' plants initiate tubers only after 3 weeks of growth, and will have about 30 small tubers after 6 weeks of growth and significantly enlarged tubers after 8 weeks of growth Wheeler et al, 1986) . Thus, day 21 and day 42 in this study are considered to roughly correspond with the beginning of tuber initiation and significant tuber enlargement, respectively.
For the first 21 days, 16 plants were grown in separate containers in each of the two growth rooms under either constant 17 or 22C for each experiment. On the 21st day after transplanting, the twelve most uniform plants in each growth room were retained for the temperature change treatments to provide three replicate plants for each treatment. A maximum of 12 plants could be effectively separated under uniform light condition in a room with minimum plant-to-plant variability. On days 21 and 42, six plants from each growth room were switched to the other growth room, providing eight temperature change patterns over the entire growth duration (Table 1) .
The plants in each growth room were arranged in three randomized complete blocks in circular form. Following the first experiment, the temperature regimes of the two growth rooms were switched in order to minimize possible room variation. The whole study was considered as a randomized complete-block design with two blocks for the eight temperature treatments. Each treatment in each block had three plants (subsamples) that exhibited uniform appearance during the entire study.
Environmental conditions. The photosynthetic photon flux (PPF) of 430 µmol·m -2 ·s -1 at the top of the canopy was provided by cool-white fluorescent lamps for a 14-h period. Relative humidity (RH) was maintained at 68% and 76% for the 17 and 22C air temperatures, respectively, allowing a constant vapor pressure deficit of 0.60 kPa for all temperature treatments. Both tempera- growth periods, shoot growth tended to increase with the 22C during later growth period (highest shoot dry weight at 17-17-22C). This temperature effect on shoot growth was accompanied by reduced tuber growth in these plants. Tuber dry weight varied among the eight treatments more than shoot dry weight (Table 2) . Tuber dry weight was highest with 22-17-17C, and lowest with 17-22-22 and 17-17-22C. Tuber dry weight with 22-17-17C was at least 20% higher than that of any other treatment and 60% higher than with constant 17 or 22C. The high to low temperature pattern significantly favored tuber growth.
Dry weights of stolons and roots were small compared to those for shoots and tubers (Table 2 ). Stolon dry weight was highest with 17-22-17, whereas root dry weight was highest with 22-22-22C. There were no consistent relationships between stolon and root mass or between stolon/root mass and tuber production, yet the treatment with the greatest tuber mass (22-17-17C) had the lowest dry weights of stolons and roots.
Tuber number and size distribution. Total tuber number varied substantially with the different patterns of temperature changes. Tuber number was highest with 17-17-17 and 17-17-22C, and lowest with 17-22-22 and 22-22-22C (Table 3) . Thus, tuber initiation was depressed most when the temperature was 22C from the beginning of tuber initiation, but was not affected by a temperature increase delayed until the beginning of tuber enlargement. It is noted that tuber dry weights were lowest with both 17-17-22 and 17-22-22C treatments (Table 2 ), yet tuber number was highest (70 tubers) with 17-17-22C and lowest (33 tubers) with 17-22-22C. Thus, tuber initiation and tuber enlargement responded differently to the temperature change patterns during growth.
Small tubers (<2.5 cm) accounted for the majority of tubers in most treatments and were closely related to the total number of tubers (Table 3) . However, number of medium (2.5-5.0 cm) and large (>5.0 cm) tubers exhibited different responses to the temperature treatments as compared to the small tubers. The medium tubers made up 20% to 50% of the total tuber number. The number of medium tubers was highest with 22-17-22C and lowest with 22-22-17, 22-22-22, and 17-22-22C . Less than 15% of the total tubers were in the large size category for any treatment. The number of large tubers was consistently higher with a high to low temperature pattern, such as 22-17-17 or 22-22-17C, and lower with a low to high temperature pattern, such as 17-17-22 or 17-22-22C. This variation in number of large tubers was closely related to total tuber dry weights for the different treatments.
Discussion
Tuber growth was greater with an air temperature of 17C than with 22C, whereas shoot growth was greater at 22C than at 17C. These differential effects of temperatures on tubers and shoots are consistent with previous reports (Moorby and Milthorpe, 1975; Wheeler et al., 1986) . This study also demonstrates that changes in temperature patterns during growth can significantly increase or decrease tuber production of potatoes. Highest tuber dry weights were obtained with early high temperature followed by low temperature as in the 22-17-17 and 22-22-17C treatments, whereas the lowest tuber dry weight was produced with early low temperature followed by high temperature, e.g., 17-22-22 and 17-17-22C. Apparently, the 22C temperature during the initial vegetative period produced a rapid establishment of foliar canopy and thus promoted plant growth, whereas the 17C during later stages maximized tuber growth with sufficient support of leaf assimilates. Thus, potatoes can tolerate or even benefit from warm temperatures during early growth. However, cool temperatures will be of particular importance during tuber growth. This is essentially consistent with a previous report that a high to cool temperature pattern promoted tuber yield (McCown and Kass, 1977) . The highest tuber dry weight obtained with 22-17-17C was 60% greater than that obtained at constant 17C and 100% higher than at constant 22C. According to a previous study (Wheeler et al., 1986) , it might be argued that an optimum temperature of 20C constant could have provided significantly higher tuber yields than the 22-17-17C in this study. However, in that study maximum tuber mass obtained at constant 20C was only 6% higher than at constant 16C (Wheeler et al., 1986) . These data suggest that tuber productivity with a high to low temperature pattern will be potentially greater than at any constant temperature. This information will be particularly useful for optimizing temperature conditions for maximum tuber productivity in controlled growing facilities.
The temperature of 17C has been documented as nearly optimal for tuber formation in potatoes (Gregory, 1965) . In this study, tuber initiation and tuber enlargement exhibited different responses to the temperature conditions during plant growth. Total number of tubers was highest at 17C during both vegetative growth and tuber initiation stages (17-17-17 and 17-17-22C) . Thus, to obtain a maximum number of tubers, relatively low temperatures are required even from the beginning of the plant growth cycle. In contrast, the number of large tubers was highest with 22-17-17 and 22-22-17C. This high-low temperature pattern was even more important for tuber sizing than a constant temperature level during a growth cycle such as 17-17-17C.
Although total tuber number was highest at 17-17-17 and 17-17-22C, stolon mass was much lower at 17-17-17C than at 17-17-22C. Thus, amount of stolon mass does not seem to be important for tuber initiation. However, highest total tuber numbers in these two treatments did not produce highest tuber dry weights. Rather, tuber dry weight was related to the number of large size tubers as obtained with 22-17-17 and 22-22-17C. It has been documented that tuber size is partly controlled by stolon characteristics including the date of initiation and their position and size (Struik, et al., 1991) . Thus tuber size can be partly determined before tuberization, and then affected by tuber-specific factors such as the position and activity of the tubers. However, the data in the present study indicate that stolon characteristics may not be crucial for tuber sizing. Ewing (1981) has also shown with leaf cuttings that greatest tuberization is with minimal stolon growth.
Previous studies have demonstrated that increased temperatures not only increase partitioning into shoots (Wheeler et al., 1986; Wolf et al., 1990) , but also increase partitioning into combined stolons and roots (Wolf et al., 1990) . This study indicates that a temperature increase from 17 to 22C affected the partitioning into the roots more than partitioning into stolons. However, partitioning into both stolons and roots was higher with 17-22-17C than with constant 22C, but lower with 22-17-17C than with constant 17C. Thus, the patterns of temperature changes affected dry matter partitioning into all plant parts including stolons and roots. However, the combined stolon and root mass in this study accounted for only 2%-4% of total plant dry weight; thus, the variation in stolons and roots due to temperature has a negligible effect on total quantity of plant biomass.
Shoot dry weight (Table 2) was closely correlated to the number of growing degree days accumulated for each treatment (Table 1) with a R of 0.96. However, tuber dry weight was not related to growing degree days (R = 0.14), and instead were regulated by temperature change patterns during growth periods. Tuber dry weight varied three times with different temperature patterns for the same number of growing degree days. Thus, total plant dry weight also was not closely correlated with growing degree days. This suggests that temperature change patterns during the growing season under various production environments may affect tuber development more than the growing degree days accumulated. The lack of correlation between tuber yield and growing degree days was also found in a previous study involving different temperature combinations during growth (McCown and Kass, 1977) .
Growing degree day, or thermal time concept, has been used to predict tuber formation (Jefferies and Mackerron, 1987; Manrique and Hodges, 1989 ) and dry-matter production and partitioning in simulating potato growth under different growing environments (Ingram and McCloud, 1984; van Heemst, 1986) . Our study suggests that to accurately predict potato response to temperature, patterns of temperature changes during growth need to be considered to modify growing degree-day predictions for tuber productivity.
